I
nvestigations into the biosynthesis of natural compounds such as antibiotics and other drugs have made major contributions to our understanding of complex biological reaction schemes and novel chemical mechanisms. The formation of many of these complicated natural compounds often occurs while tethered to peptidyl carrier protein (PCP) domains or in polyketide synthase (PKS) multidomain synthetic units where synthesis can be thought of as occurring somewhat like solid-phase methods used by organic chemists. Many unusual biological reactions have been characterized, including halogenations by flavin-dependent enzymes and by non-heme iron-containing enzymes, oxidative formation of carbon-carbon bonds by using P450 systems, and diverse stereo-and regiospecific reactions that are very difficult to carry out in the laboratory, especially at mild temperatures and pH values. One diverse class of natural compounds is the indolocarbazoles that have been found to have a broad spectrum of biological effects, leading to their potential use in antibacterial, antifungal, and antitumor treatments (1) . In fact, several of these compounds are currently being clinically tested for their efficacy in treating cancer and other diseases (1) . Tryptophan is used as the starting compound for many indolocarbazoles (2, 3) . Recently, substantial progress has been made in understanding the detailed pathways for the biosynthesis of rebeccamycin and its close relative staurosporine (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Rebeccamycin is an antitumor agent that binds to DNAtopoisomerase I complexes to prevent replication of DNA (16) . It is therefore a promising candidate for antitumor therapies. The highly efficient biosynthetic pathway for rebeccamycin consists of a small number of soluble enzymes (7) that catalyze the reactions to form the basic aglycone scaffold from tryptophan, as well as the formation of Nglycosidic bonds to the indole nitrogens of the aglycone unit (Fig. 1A) . The overall conversion of tryptophan to rebeccamycin consists of several unique biochemical transformations; it involves RebH and RebF, a two-component flavin-dependent enzyme system that halogenates tryptophan (10, 11) , a flavoenzyme amino acid oxidase, RebO (12), a cytochrome P450 (RebD) that catalyzes the oxidative initial linking of two tryptophan skeletons (6, 13, 14) , and a second cytochrome P450, RebP, that participates with a putative flavoprotein, RebC, to form the basic aglycone scaffold (Fig. 1 A) (7, 15) . However, until now, the particular reactions that RebP and RebC individually catalyze were a complete mystery. The work of Ryan et al. (17) in a recent issue of PNAS has provided new insights into this chemical conversion. Ryan et al. used x-ray crystallography to show that RebC has all of the characteristics of a single-component flavoprotein hydroxylase. In addition, they have found by some unusually astute crystallographic insights that the enzyme, while in its crystalline form, serendipitously ''purifies'' and binds a particular trace compound from a potential substrate mixture. This bound impurity suggests the nature of the true substrate and how RebP and RebC might cooperate to catalyze the formation of the aglycone of rebeccamycin.
The crystallographic studies showed that RebC has a bound flavin adenine dinucleotide (FAD), a derivative of vita- (17) soaked the crystals of RebC with chromopyrrolic acid, the substrate for the combined steps that RebP and RebC catalyze. When they determined the structure of RebC after soaking the crystals, a molecule that was clearly different from the chromopyrrolic acid in which the crystal was soaked was found in the active site of the enzyme, and it was in a position suitable for the flavin to carry out its hydroxylation. The FAD was in the IN conformation. They showed that this bound molecule was most likely 7-carboxy-K252 (Fig. 1 A) , which could be a substrate for RebC. Upon further investigation, they determined that chromopyrrolic acid slowly decomposes while standing under aerobic conditions, forming a small amount of the bound K252 derivative; presumably, during the soaking and possibly while in the x-ray beam, the enzyme in the crystal acted as a miniature affinityresin and selectively bound traces of the appropriate degradation compound from the mixture. Curiously, when K252c was bound, the flavin remained in the OUT position. Apparently, the carboxyl group(s) is required to trigger the movement of the FAD to the IN conformation. This research provides a novel example of x-ray structure determination leading to the characterization of an enzyme as a flavoprotein hydroxylase and, in addition, revealing some properties of a likely substrate. Thus, x-ray structural analysis was used for determining what is normally done first by bench-top enzymological procedures. Previous work had shown that when StaP (an analog of RebP used in the biosynthesis of staurosporin) was incubated with chromopyrrolic acid, three major products were formed, 7-hydroxyK252c, arcyriaflavin A, and K252c in a 7:1:1 ratio (7). However, when StaP and RebC were both incubated with this substrate, the overall reactions were accelerated, and the primary product was arcyriaflavin A (Fig. 1B) . In light of the work by Ryan et al. (17) , these results suggest that StaP (and, by analogy, RebP) produces a reactive intermediate that is a substrate for RebC, and that RebC carries out specific reactions to produce arcyriaflavin A, the precursor to rebeccamycin. When RebC is not present, the reactive intermediate decomposes into several products, including those mentioned above. The high-affinity binding of 7-carboxy-K252c to RebC suggests that the true substrate is planar and contains one or more carboxylates. The first flavoprotein hydroxylase to be studied in detail, and the protein for which the term monooxygenase was first coined by Hayaishi and colleagues (23) Fig. 1B . Flavoprotein hydroxylases all form C4a-flavin hydroperoxides (FAD-OOH in Fig. 1B ) that constitute the active form of oxygen for the hydroxylation of substrates. Fig. 1B shows how such a species could electrophilically attack the aryl-aryl-coupled chromopyrrolic acid that is the likely unstable product of RebP (or StaP). This would result in hydroxylation and decarboxylation to give 7-carboxy-K252c, which could also be a substrate for a second phase of hydroxylation and decarboxylation, resulting in the formation of arcyriaflavin A. Overall, this would consume two NADPH molecules required for reducing the FAD bound to RebC before it reacted with oxygen to form the FAD-OOH hydroxylating species. Flavoprotein hydroxylases that have as substrates aromatic compounds all require such substrates to be activated by OOH, OSH, or ONH 2 groups. However, the high reactivity of these indolocarbazoles (they react spontaneously with oxygen) is probably sufficient for RebC to carry out such classic hydroxylations. Although this story is in its infancy, details will surely be coming forth soon, stimulated by the crystallographic enzymology presented by Ryan et al. The understanding of these processes may lead to the development of a variety of pharmaceutical derivatives of these indolocarbazoles using modified precursors by means of methods such as those described by Salas and colleagues (15) . This work was supported by National Institutes of Health Grant GM64711 (to D.P.B.).
